Genes that are differentially expressed between the sexes (sex-biased genes) are among the fastest evolving genes in animal genomes. The majority of sex-biased expression is attributable to genes that are primarily expressed in sex-limited reproductive tissues, and these reproductive genes are often rapidly evolving because of intra-and intersexual selection pressures. Additionally, studies of multiple taxa have revealed that genes with sex-biased expression are also expressed in a limited number of tissues. This is worth noting because narrowly expressed genes are known to evolve faster than broadly expressed genes. Therefore, it is not clear whether sex-biased genes are rapidly evolving because they have sexually dimorphic expression, because they are expressed in sex-limited reproductive tissues, or because they are narrowly expressed. To determine the extend to which other confounding variables can explain the rapid evolution of sex-biased genes, I analyzed the rates of evolution of sex-biased genes in Drosophila melanogaster and Mus musculus in light of tissue-specific measures of expression. I find that genes with sex-biased expression in somatic tissues shared by both sexes are often evolving faster than non-sex-biased genes, but this is best explained by the narrow expression profiles of sex-biased genes. Sex-biased genes in sex-limited tissues in D. melanogaster, however, evolve faster than other narrowly expressed genes. Therefore, the rapid evolution of sex-biased genes is limited only to those genes primarily expressed in sex-limited reproductive tissues.
Introduction
A substantial fraction of genes are differentially expressed between males and females across a wide array of animal taxa (reviewed in Ellegren and Parsch 2007) . These genes are said to have sex-biased expression or, more specifically, female-/male-biased expression. Sex-biased expression has been intensely studied on a genome-wide scale in model organisms, but experimental and analytical approaches differ depending on the taxon under examination. For example, in Drosophila, it is conventional to identify sex-biased genes by comparing transcript quantities in RNA isolated from whole males and females. These experiments have revealed that the expression levels and protein-coding sequences of malebiased genes evolve faster than those of unbiased genes Haerty et al. 2007; Zhang et al. 2007) , and there is evidence that this rapid evolution is driven by positive selection Pröschel et al. 2006; Baines et al. 2008) .
It is important to note, however, that a large fraction of an organism consists of sex-limited tissues (i.e., testis, ovary, and somatic reproductive tissues). In Drosophila, these differences in tissue content between males and females are responsible for most of the sex-biased expression measured in whole flies (Jin et al. 2001; Arbeitman et al. 2002 Arbeitman et al. , 2004 Parisi et al. 2003 Parisi et al. , 2004 . Genes expressed in sex-limited tissues often encode proteins involved in reproduction, and many reproductively related genes are rapidly evolving (Swanson et al. 2001 (Swanson et al. , 2004 Haerty et al. 2007; Prokupek et al. 2008 ). This raises the question: Is the rapid evolution of sex-biased genes in Drosophila attributable to expression in reproductive tissues or are sex-biased genes expressed in somatic tissues shared by both sexes (shared somatic tissues) also rapidly evolving?
Sex-biased expression in vertebrates, on the other hand, is measured using individual organs rather than whole organisms (e.g., Yang et al. 2006; Blekhman et al. 2010) . Among the many discoveries made in analyzing these data sets, it is worth noting that sex-biased genes tend to have tissue-specific expression profiles (Yang et al. 2006; Mank et al. 2008) . Narrowly expressed genes are probably more functionally limited (McShea 2000) and, therefore, less pleiotropic. The correlation between sex-biased expression and tissue specificity has thus been interpreted to mean that the evolution of sex-biased expression in one tissue is impeded by pleiotropic constraints imposed by expression in other tissues (Mank et al. 2008; Mank 2009 ).
The tissue specificity of sex-biased genes could also have implications for their evolutionary rates. Pleiotropy may limit adaptive evolution by reducing the probability that mutations are beneficial (Fisher 1930) . Narrowly expressed genes evolve faster than broadly expressed genes (Duret and Mouchiroud 2000; Zhang and Li 2004; Liao et al. 2006;  Sex-Biased Expression and Evolutionary Rates · doi:10.1093/molbev/msr010 MBE Haerty et al. 2007) , and, indeed, this rate acceleration may be the result of more adaptive substitutions (Larracuente et al. 2008 ). Alternatively, narrowly expressed genes may evolve faster because they are under relaxed selective constraints. Additionally, testis-biased genes represent the largest class of tissue-specific genes in Drosophila melanogaster (Chintapalli et al. 2007) , further entangling of the relationship between sex bias, expression breadth, and reproductive tissues. Regardless of why narrowly expressed genes are rapidly evolving, the nonindependence of tissue specificity, sex bias, evolutionary rates, and expression in sexlimited tissues means that one must consider all these factors simultaneously to determine which is/are responsible for the rapid evolution of sex-biased genes.
Some work has been carried out to examine the relationship between sex-biased expression and rates of evolution in mammals, but these analyses have focused primarily on genes with testis-biased expression (e.g., Torgerson et al. 2002; Good and Nachman 2005; Khaitovich et al. 2005) . These studies confirm the well-established paradigm that genes encoding reproductive proteins are often rapidly evolving (Swanson and Vacquier 2002) . Interestingly, in avian brain, female-biased, and not male-biased, genes are rapidly evolving (Mank et al. 2007 ). Therefore, the selection pressures that drive the rapid evolution of reproductively related sex-biased genes in vertebrates may differ from those acting upon sex-biased genes in shared somatic tissues. On the other hand, these apparent differences might instead reflect different definitions of what a sex-biased gene is in these different tissues.
I analyzed the rates of protein-coding sequence evolution of sex-biased genes in D. melanogaster and Mus musculus (house mouse) to determine whether the rapid evolution of sex-biased genes is limited to only those genes expressed in reproductive tissues. I find some evidence that sex-biased genes in shared somatic tissues evolve faster than unbiased genes, but this rapid evolution is driven by the tissue-specific expression of sex-biased genes. In D. melanogaster, however, there is substantial evidence that sex-biased genes expressed in sex-limited reproductive tissues are rapidly evolving even when I control for breadth of expression. Therefore, the rapid evolution of sex-biased genes appears to be limited to those genes encoding proteins with reproductive functions.
Materials and Methods

Sex-Biased Gene Expression
Processed microarray data comparing gene expression in D. melanogaster males and females were obtained from SE-BIDA (http://www.sebida.de; Gnad and Parsch 2006) . This database provides the ratio of male-to-female expression level (M/F) and P values for a test of differential expression between males and females estimated using Bayesian inference (Townsend and Hartl 2002) . I used a meta-analysis of sex-biased expression that takes sex-specific measurements from whole flies (Parisi et (Parisi et al. 2003) and estimates M/F and a P value for each gene (Gnad and Parsch 2006) . I also obtained M/F and P values from SEBIDA using the individual experiments that were included in the meta-analysis and a data set collected from gonadectomized flies (Parisi et al. 2003) . Adjusted P values that control for the false discovery rate (FDR) (Benjamini and Hochberg 1995) were estimated using the R statistical package (R Development Core Team 2009). If the adjusted P value of a given gene falls below the specified FDR cut off (either 0.01, 0.05, 0.10, or 0.20) , then the gene is said to have sex-biased expression. My results are robust to the FDR cut off chosen and data used to estimate M/F (Supplementary Material online) unless otherwise noted.
Microarray measurements of gene expression in four adult tissues (liver, adipose, brain, and muscle) from male and female mice (Yang et al. 2006 ) were used to estimate M/F in each tissue (Mank et al. 2008) . Genes were called as sex-biased in each of the tissues separately if the adjusted P value in a Mann-Whitney test for differences in expression between males and females (Mank et al. 2008 ) falls below a specified FDR cut off (0.01, 0.05, 0.10, or 0.20) . If a gene is female-or male-biased in one tissue, and that gene is either unbiased or has the same sex bias in the other tissues in which expression was measured, the gene was said to be either female-or male-biased (depending on the direction of sex bias). As a second test, genes were called as sex biased if there is a 2-fold difference in expression between females and males (i.e., female-biased if M/F < 0.5 and male-biased if M/F > 2) (Mank et al. 2008) . Additionally, average M/F across the four tissues was used as an estimate of the degree of sex-biased expression. Averages were calculated both for genes with measurable expression in all four tissues and for all genes (ignoring tissues for which expression was not detected). 
Rates of Evolution
Tissue-Specific Gene Expression
Gene expression measurements were obtained from FlyAtlas (http://www.flyatlas.org/; Chintapalli et al. 2007 ) for ten nonoverlapping shared somatic adult tissues from combined D. melanogaster males and females (brain, eye, thoracico-abdominal ganglion, salivary gland, crop, midgut, MBE tubule, hindgut, heart, and fat body) and four adult sexlimited tissues (ovary, testis, accessory gland, and spermatheca). Measurements from spermatheca of virgin and mated flies were averaged and used as a single spermatheca estimate-spermatheca from virgin and mated flies have strongly correlated genome-wide expression values (Supplementary Material online), and analyses using data from either spermatheca of virgin or mated flies yield similar results as those using their average (results not shown).
Counts of the number of expressed sequence tags (ESTs) per gene were obtained from UniGene build #186 for 25 nonoverlapping mouse tissues (adipose, bladder, blood, bone, bone marrow, brain, dorsal root ganglion, eye, vagina, intestine, heart, inner ear, liver, lung, lymph node, mammary gland, muscle, pancreas, prostate, skin, spinal cord, spleen, sympathetic ganglion, testis, and thymus). These tissues are nearly identical to those chosen for a previously published analysis of the relationship between sex-biased expression and tissue specificity (Mank et al. 2008) .
Expression measurements for each gene were used to estimate tissue specificity with two methods. In the first method, tissue specificity (τ ) was estimated for each gene using the following equation:
In analyzing the D. melanogaster data, S i is the signal intensity in tissue i , S max is the maximum signal intensity in all tissues, and N is the total number of tissues analyzed (Yanai et al. 2005; Larracuente et al. 2008) . All S i < 1 were set to 1 so that log S i 0. For the mouse data, S i is the number of ESTs mapping to a given gene in tissue i , standardized by the total number of mapped ESTs in tissue i (Mank et al. 2008 ). All genes with fewer than three mapped ESTs across all 25 tissues were removed, and S i < 2 were set to 2 for the remaining genes. Larger values of τ indicate more tissue specificity.
The second method was applied only to the D. melanogaster data. If S i 100 for a particular gene in tissue i , the gene was said to be expressed in that tissue. The number of tissues in which a gene is expressed was used as a measure of the breadth of expression.
Expression Levels
The expression levels of D. melanogaster genes were estimated as the microarray signal intensities measured using RNA isolated from whole flies (males and females combined) obtained from FlyAtlas (Chintapalli et al. 2007 ). Expression levels of mouse genes were estimated as the average number of ESTs mapping to a gene in the 25 tissues standardized for the length of the gene and the sizes of the libraries.
Statistical Analysis
Spearman's ρ was used to estimate the pairwise correlation between each of the following: τ , expression level, | log (M/F)|, and d N /d S . The 95% confidence interval (CI)
FIG. 1.
Box plots show the distribution of dN/dS for female-biased (dark gray), male-biased (white), and unbiased (light gray) genes, with outliers omitted (boxes extend from the first to third quartile, with the midline indicating the median). Genes were assigned to sex-biased classes using an FDR cut off of 0.10 and the following data sets: metaanalysis of D. melanogaster experiments, gonadectomized flies, and mouse data. The mouse data were also analyzed with a 2-fold cut off to assign genes as sex-baised. The median dN/dS value across all genes within each panel is indicated by a dashed line. Asterisks indicate a significant difference in dN/dS between a subset of genes and the rest of the panel in a Mann-Whitney test (*P < 10 −2 , **P < 10 −4 , ****P < 10 −8 ).
of ρ between τ and | log (M/F)| was approximated by bootstrapping the data 1,000 times. Partial correlations between all four variables were estimated from the pairwise correlation coefficients (Schäffer and Strimmer 2005) , and I approximated the 95% CI of each partial correlation by bootstrapping the data 1,000 times. All bootstrapping was carried out in the R statistical package (R Development Core Team 2009).
Results and Discussion
Sex-Biased Genes are Rapidly Evolving
Consistent with previous reports Pröschel et al. 2006; Haerty et al. 2007 ), my analysis reveals that D. melanogaster male-biased genes evolve faster than unbiased and female-biased genes when expression is measured in whole flies and gonads ( fig. 1 ; Supplementary Material online). Additionally, when gonads are excluded and sex-biased expression is measured (Parisi et al. 2003) , female-biased genes evolve faster than other genes ( fig. 1 ). This suggests that rapid evolution is a common feature of sex-biased genes, regardless of whether the genes are expressed in reproductive tissues or shared somatic tissues. In mouse, whether female-or male-biased genes expressed in shared somatic tissues evolve faster depends on the method used to assign genes to sex-biased expression categories ( fig. 1) . Furthermore, there is some evidence that sex-biased mouse genes as a group evolve faster than unbiased genes (Supplementary Material online).
Sex-Biased Expression and Tissue Specificity Are Correlated
The rapid evolution of sex-biased genes may be affected by expression breadth (Haerty et al. 2007 ). Indeed, breadth of Each box extends from the first to the third quartile, with the line in the middle of the box indicating the median. Tissue specificity was calculated using all tissues (gray) or somatic tissues shared by both sexes (white). Sex-biased genes were determined from the meta-analysis of multiple data sets (left) or gonadectomized flies (right). Asterisks indicate significant differences in τ when measured in all tissues compared with when measured in somatic tissues shared by both sexes using a Mann-Whitney test (***P < 10 −4 ).
expression is one of the best predictors of the rate of evolution of protein-coding sequences (Duret and Mouchiroud 2000; Zhang and Li 2004; Liao et al. 2006; Larracuente et al. 2008) , and previous work in vertebrates has shown that sex-biased genes have more tissue-specific expression (τ ) than unbiased genes (Yang et al. 2006; Mank et al. 2008) . As in vertebrates, there is a significant difference in the tissue specificity of female-biased, male-biased, and unbiased D. melanogaster genes (P << 10 −10 in a Kruskal-Wallis test of distributions of τ ), and male-biased genes have narrower expression profiles than unbiased genes ( fig. 2) . Unlike in vertebrates, however, female-biased genes have broader expression profiles than unbiased genes ( fig. 2) .
The degree of sex-bias (| log (M/F)|) is also positively correlated with τ for all D. melanogaster genes, female-biased genes, and male-biased genes ( fig. 3 , left panel, first column of points), as has been previously observed in vertebrates (Mank et al. 2008 ). This suggests that pleiotropic constrains may prevent the evolution of sex-biased expression in D. melanogaster (Mank et al. 2008; Mank 2009 ). The correlation is not due to signal saturation in highly expressed genes, stochastic error in lowly expressed genes, X/autosome differences, or sex-biased duplicated genes (Supplementary Material online). Interestingly, the magnitude of the correlation is much greater for male-biased genes than femalebiased genes ( fig. 3) . It is worth noting, however, that this correlation may be conflated by the inclusion of sex-limited tissues in the estimation of M/F and τ .
Sex-Limited Tissues Drive the Relationship between Sex Bias and Tissue Specificity
If sex-limited tissues are excluded from the estimation of tissue specificity, τ significantly decreases for all genes, femalebiased genes, and male-biased genes ( fig. 2) . Additionally,
FIG. 3.
Plots show the point estimate of the correlation coefficient (ρ) between | log (M/F)| and tissue specificity (τ ) and the 95% CI of the estimate for D. melanogaster genes. M/F was estimated using the meta-analysis of multiple data sets (left) or gonadectomized flies (right). Estimates of τ were calculated using all adult tissues (adult) or shared somatic tissues (shared). Correlations were calculated using all genes (black), female-biased genes (gray, short dashes), and malebiased genes (black, long dashes). a large fraction of male-biased genes have extremely sexbiased expression and are primarily expressed in sexlimited tissues (Supplementary Material online). Excluding sex-limited tissues also decreases the correlation between | log (M/F)| and τ , and this leads to ρ < 0 for all genes and female-biased genes ( fig. 3, first panel) . Therefore, a substantial amount of the correlation between sex-biased expression and tissue specificity is driven by sex-biased genes that are primarily expressed in sex-limited tissues.
The effect of sex-limited tissues on the relationship between | log (M/F)| and τ can be seen when gonadectomized flies are used to measure sex-biased expression: both female-and male-biased genes in gonadectomized flies are more narrowly expressed than unbiased genes ( fig. 2) . Therefore, male-biased genes are narrowly expressed in both sex-limited and shared somatic tissues. On the other hand, there appear to be two types of female-biased genes: genes with female-biased expression driven by ovary expression are broadly expressed, whereas those with female-biased expression in shared somatic tissues are tissue specific. If tissue specificity affects the evolutionary rate of sex-biased genes, the locus of expression of female-biased genes must be taken into account when comparing the evolutionary rates of female-and male-biased genes.
The correlation between | log (M/F)| and τ is also affected by using gonadectomized flies to estimate M/F ( fig. 3) . As in the analysis using whole flies, ρ 0 when I use gonadectomized flies to estimate | log (M/F)| and all adult tissues to estimate τ for most FDR cut offs ( fig. 3;  Supplementary Material online) . However, when I analyze all genes in gonadectomized flies, the correlation between | log (M/F)| and τ is not as affected by the exclusion of sex-limited tissues from the estimation of τ ( fig. 3) . Furthermore, because ρ > 0 when gonads (and most other sex-limited tissues) are excluded, the correlation between sex-biased expression and tissue specificity is not entirely driven by genes with sex-biased expression in sex-limited tissues. This provides further support for the hypothesis that pleiotropic constraints may limit the evolution of sex-biased expression (Mank et al. 2008; Mank 2009 ).
Tissue Specificity Partially Explains the Relationship between Sex-Biased Expression and Rates of Evolution
The nonindependence of tissue specificity and sex bias (Mank et al. 2008 , and results described above) means that expression breadth must be considered when comparing the evolutionary rates of sex-biased and unbiased genes. I calculated partial correlations between the degree of sexbiased expression, breadth of expression, and expression level for D. melanogaster and M. musculus genes. Expression level was included in this analysis because it is one of the strongest predictors of the rate of protein-coding sequence evolution (Pál et al. 2001; Rocha and Danchin 2004; Subramanian and Kumar 2004; Wright et al. 2004; Lemos et al. 2005; Larracuente et al. 2008) .
In D. melanogaster, all three factors (| log (M/F)|, τ , and expression level) are significantly correlated with d N /d S in the expected directions: sex biased, narrowly expressed, and lowly expressed genes evolve fastest (fig. 4) . These trends hold whether I consider all genes, female-biased genes, or male-biased genes (fig. 4) 
Expression in Sex-Limited Tissues Drives the Rapid Evolution of Sex-Biased Genes
The positive correlation between | log (M/F)| and d N /d S for D. melanogaster genes, even when tissue specificity is taken into account ( fig. 4) , suggests that sex-biased expression may be an adequate predictor of evolutionary rate in D. melanogaster. However, although the partial correlations take into account expression breadth, they do not consider whether tissue-specific genes are expressed in sex-limited tissues or shared somatic tissues. Indeed, genes expressed in a single sex-limited tissue evolve faster than genes expressed in a single shared somatic tissue (P < 10 −10 in a Mann-Whitney test), and genes expressed in a single shared somatic tissue evolve faster than genes expressed in multiple tissues (P < 10 −6 ) ( fig. 5) . Additionally, among genes expressed in a single shared somatic tissue or in multiple tissues, there is not a significant difference in the rate of evolution between female-, male-, and unbiased genes (fig. 5) ; this is true for most sex-bias calls and most d N /d S estimates (Supplementary Material online) . However, malebiased genes expressed primarily in male-limited tissues evolve faster than female-biased genes expressed primarily in female-limited tissues (P < 10 −5 in a Mann-Whitney test). Furthermore, genes that are predominantly expressed in testis evolve significantly faster than other sex-limited or narrowly expressed genes, whereas genes that are predominantly expressed in ovary evolve slower than other genes expressed in sex-limited tissues ( fig. 5 ; Supplementary Material online). Finally, a previous analysis revealed evidence of a "faster-X" effect (Charlesworth et al. 1987) for D. melanogaster male-biased genes (Baines et al. 2008) . I find some support for a faster-X effect among D. melanogaster testisbiased genes, but the pattern is dependent on how d N /d S and sex-biased expression are measured (Supplementary Material online). Why are genes that are expressed primarily in malelimited tissues rapidly evolving? D. melanogaster male reproductive genes run the gamut from highly conserved to rapidly evolving, and the most rapidly evolving genes are expressed in the accessory gland (Dorus et al. 2006) . These accessory gland proteins (Acps) often influence male reproductive success (e.g., Ravi Ram and Wolfner 2007) , and natural selection may drive their rapid evolution if they play a role in male-male or male-female competition (Swanson and Vacquier 2002) . Accessory-gland-limited genes are not evolving significantly faster than other narrowly expressed genes in my data ( fig. 5 ; Supplementary Material online), but this is probably a methodological artifact of the most rapidly evolving Acps being excluded from this data set. To be included in the analysis of d N /d S , genes had to have a single ortholog in all outgroup species (Larracuente et al. 2008) , but Acps have a high rate of turnover as a result of gene duplication and loss (Begun and Lindfors 2005; Haerty et al. 2007 ). Additionally, the rapid evolution of Acps may decrease the likelihood of ortholog detection. Genes expressed in the lower female reproductive tract are also rapidly evolving (Swanson et al. 2004; Prokupek et al. 2008) , and my failure to detect the rapid evolution of spermatheca-biased genes ( fig. 5) is likely the result of the aforementioned methodological artifacts as well as small sample sizes.
A previous analysis of the D. melanogaster sperm proteome found that testis-expressed components are among the slowest evolving genes encoding sperm proteins (Dorus et al. 2006) . Interestingly, I observe a robust signal of rapid evolution for testis-biased genes ( fig. 5 ; Supplementary Material online). The apparent discrepancy between the two analyses is likely attributable which genes were included: I included genes with testis-biased expression, whereas Dorus et al. (2006) examined genes whose protein products were observable in a mass spectrometry analysis of sperm proteins. Additionally, I found an overrepresentation of genes involved in adenosine triphosphate (ATP) biosynthesis among genes with testis-biased expression (Supplementary Material online) . Much of the D. melanogaster sperm proteome is encoded by genes involved in energy metabolism, but these genes are thought to contribute to the highly conserved components of the male ejaculate (Dorus et al. 2006) . Although some of the testis-biased genes involved in ATP biosynthesis in my data are highly conserved, I also observe a subset of these genes with a high rate of evolution (Supplementary Material online). Interestingly, recently duplicated testis-specific nuclearly encoded mitochondrial genes are also rapidly evolving (Galach et al. 2010 ). Further work is required to determine what drives the rapid evolution of testis-biased genes involved in energy metabolism.
Conclusions
It is well established that sex-biased genes are rapidly evolving (Ellegren and Parsch 2007) , but the definition of sex-biased genes varies across studies. I showed that sex-biased genes expressed in D. melanogaster sex-limited reproductive tissues evolve faster than other genes with similar expression breadth. Sex-biased genes expressed in D. melanogaster shared somatic tissues are also rapidly evolving, but this can be explained by their narrow expression profiles. Additionally, there is no evidence for a relationship between sex-biased expression and rate of evolution for genes expressed in M. musculus shared somatic tissues. This is in contrast to testis-biased and reproductively related mouse genes for which there is substantial evidence for rapid evolution (e.g., Mouse Genome Sequencing Consortium 2002; Torgerson et al. 2002; Good and Nachman 2005) . Therefore, the selection pressures driving the rapid evolution of genes with biased expression in sex-limited tissues do not affect genes with sexbiased expression in shared somatic tissues. Future studies that examine the evolution of so-called "sex-biased" genes should explicitly consider what aspect of the genes' expression or function is sex biased.
Supplementary Material
Supplementary materials are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals .org/).
